The effect of thermoplastic PMMA and clay Cloisite 30B addition on the cure kinetics of an epoxy/amine thermosetting system was investigated using differential scanning calorimetry (DSC) and modelled using a single kinetic model. For obtaining a good agreement between the experimental results and theoretical modeling, it was necessary to separate the ternary system in two formulations: matrix/PMMA and matrix/clay systems. It appeared that the addition of PMMA delays the reaction up to the phase separation phenomenon due to a dilution effect of the reactive species. In opposition, the presence of clays accelerates the reaction (probably due to a catalytic effect of some metals ions introduced with the clay) but it has no sensitive effect on the cloud point conversion in the presence of PMMA. The modeling results are in good agreement with those experimentally obtained.
Introduction
Traditionally clays have been used as fillers in polymer systems due to the improved physical and mechanical properties of the resulting polymer composite [1, 2] . A large quantity of polymer-clay composites have been successfully synthesised through the integration of clay in a wide variety of polymer matrices [2] . Melt intercalation, solvent method and in-situ polymerization are the three essential different approaches to synthesise polymer-clay composites. The last one was the first strategy utilized to synthesise thermoplastic polymer-clay composites and is also convenient for thermoset-clay composites synthesis [3] . On the other hand, blends of thermosets (TS) and thermoplastics (TP) have been used in the field of engineering and highperformance polymers [4, 5] . The major use of TP/TS systems is to improve the toughness of the final epoxy TS thanks to the presence of TP rich separated phase, but TS additives can also be used as processing aids for high T g TP processing [6] . In a TP/TS blend, most of the time, when the molar mass of the TS increases due to chemical reaction, it involves a decrease in the conformational entropy so that the TP undergoes a phase separation. In the present work we study the effect of thermoplastic poly(methyl methacrylate) (PMMA) and clay Cloisite 30B addition on the cure kinetics of an epoxy/amine thermosetting system (in order to obtain a ternary nanocomposite) using differential scanning calorimetry (DSC) and modelled using a single kinetic model.
Considering that there are very few studies on the PMMA/montmorillonite/epoxy amine ternary systems [7] , the interest of this study is to check the influence of the addition of PMMA (below the critical volume fraction in order to keep a continuous epoxy matrix), layered silicate (Cloisite 30B) on the cure kinetics of a three phases epoxy nanocomposites.
Results and discussion
Numerous studies exist on kinetic models for epoxy-amine reactive system. These models can be divided into two main families: phenomenological or mechanistic models.
The phenomenological models [8] are the simplest and most widely used because they content a low number of unknown parameters usually easy to identify, but with no physical meaning. The mechanistic models [9] [10] [11] [12] describing the mechanism of each elementary reaction (taking into account substitution effect for primary and secondary amines, chemical equilibrium) are much more complicated and need more sophisticated calculation methods in order to identify (often with a bad accuracy and more or less justified hypothesis) an important number of unknown parameters.
where the index 0 means at time zero (initial concentration). By introducing equation (9) and (10) 
Practically, the kinetic behavior of the formulations can be monitored by using isothermal DSC experiments, where the measured heat flow Φ (in W/g) is directly
proportional to the reaction rate [14, 15] :
x being the conversion degree defined by [E] = (1-x).
[E] and ΔH 0 r the total enthalpy of reaction (in J/g).
Assuming that ΔH r is a constant over all the experimental temperature range [16] , it can be measured by integration of the exothermal peak area of a temperature scan DSC experiment. One can thus obtain the evolution of the conversion degree x as a function of time by a numerical integration of equation (12) . After obtaining the experimental kinetic data, the Inverse kinetic problem [17] consists of adjusting the unknown kinetic parameters in order to fit model predictions to experimental data. As for all inverse parameter estimation methods, this implies the minimization of an objective function containing both calculated and measured values of the modeled experimental variable [18] . The simplest objective function is ordinary least squares (OLS) error between model predictions and experimental data:
Basically we want to identify the unknown parameters of a kinetic model that is able to predict the kinetic behavior of the neat resin. For obtaining a good agreement between the experimental results and theoretical modeling, it was necessary to separate the ternary system in two new formulations: matrix/PMMA and matrix/clay systems, such that the four formulations described in Table 1 were studied.
Tab.1. Description and designation of studied blends.
Sample
Signification and Introduction way Matrix -DGEBA is heated at 135 °C before adding the amine, and stirred for five additional minutes.
Matrix / Clay -5phr of Cloisite 30B is stirred during two hours in DGEBA at 135 °C, the amine is then added and stirred for five additional minutes. Matrix / PMMA -10 phr of PMMA is dissolved in DGEBA at 135 °C before adding the amine and the system is stirred for five additional minutes Matrix / PMMA / Clay -10 phr of PMMA and DGBEA are mixed at 135 °C until the final product becomes homogenous and transparent; then 5 phr of clay is added and mixed mechanically during two hours. Finally the amine is added, and stirred for five additional minutes
For the neat DGEBA-hardener formulation, a DSC scan (10 °C/min) is performed on the unreacted resin in order to obtain ΔH r in joule per gram of neat resin. This value is used to calculate, for each isothermal experiment of every formulation, the evolution of the conversion x as a function of time. Since the purpose of the present work is to predict the evolution of the conversion during the cure processing (up to the vitrification) for various formulations, the simple model (derived from a mechanistic model but neglecting the substitution effect between primary and secondary amines) described by equation (11) will be first considered to model the reaction kinetics. Considering that [E] = [E] (1-x), equation (11) can be rewritten:
Matrix
Using a priori values for the four unknown parameters K, K', Ea, Ea' (defined in equation 8) one can integrate (using a 4 th order Runge-Kutta algorithm) this equation for each isothermal temperature. The calculated conversions are then compared to the experimental ones by summing the square of the errors of 4 isothermal cure experiments (from 90 °C to 135 °C). This unique OLS criterion is then minimized, for the neat resin, using a Newton-Raphson algorithm. Figure 1 illustrates the good fit that is obtained between calculated and experimental values of the conversion, up to the vitrification (as expected, for higher conversions, the model is no more able to correctly predict the conversions due to diffusional phenomena, not considered in this paper). This good fit validates the hypothesis that the reactivity ratio between secondary and primary amines is assumed to be 1 (although the real value is certainly less than one). Of course, this simple kinetic model is not able to predict the kinetic behavior in a glassy state (as can be observed in the figure for high conversions), but this is not the goal of this paper. The estimated values of k happened to be close to zero so that, introducing equation 8 in equation 14 with k = 0, the model can be simplified (as a so called autocatalytic model).
2 compares the calculated data obtained without taking into account this dilution (14 ) with K' and Ea'= 53 kJ.mol
These results are in good agreement with those reported in the literature [4, 19] Matrix/PMMA formulation Although the phase separation phenomenon is not instantaneous, the kinetic behavior of such a formulation will be simplified by using two domains: (i) before the cloud point, the formulation is homogeneous. The epoxy prepolymer is diluted by the PMMA, so that the [E] 0 value is calculated again in order to take into account this dilution effect (noted [E diluted ] 0 ). (ii) after the cloud point, the PMMA is considered as separated as a pure PMMA (experiments made using DMA technique, showed two T 's, one of them for a PMMA rich phase), so that the value of [E] g 0 corresponding to the neat resin must be used in the model. Figure   0 effect before the cloud point, the calculated data obtained taking into account this effect, and the experimental data. It is obvious that the model neglecting the dilution effect is not satisfying, while the model taking into account this effect allows a very good fitting of the experimental data. These results mean that the PMMA does not modify the chemistry of the system (same values of k' and Ea' than the neat resin), and that the phase separation phenomenon is fast enough to be considered as instantaneous. Table 2 presents the cloud point times t cp and the calculated conversions at cloud point x cp (estimated by reporting t cp in the kinetic model) for the 4 isothermal experiments.
Matrix/clay formulation ow used to model the kinetic behavior of the resin-clay The kinetic model is n formulation with no change in the [E] 0 (the clay is not soluble in the resin). Unfortunately, the fit between experimental and calculated conversions is very bad. As explained in different papers [20] [21] [22] , the clay tends to increase the reaction rate (due to a catalytic behavior of some soluble species that are present in the clay). This catalytic effect was taken into account by adding a new parameter [cat] 0 to the model, corresponding to the addition of new catalytic species extracted from the clays at the beginning of the cure: This last formulation is the com will be made by using both th parameter [cat] 0 previously introduced.
As described in the experimental part, a dielectric sensor is used to monitor the phase separation of such an opaque form at low frequency shows a sharp decrease at 6.18 minutes indicating the onset of the phase separation (t cp ), as illustrated in Figure 4 . rting this time in the kinetic model allows calculating a value of 0.47 for x cp. This alue is very similar to the one obtained for the system matrix/PMMA (x cp =0.46 at Repo v 135 °C). The dielectric event of the phase separation is the establishment of an interfacial polarization mainly caused by the difference of conductivities between the phases [21] . Interfacial polarization is temperature dependent and the dipole molecules cannot orient themselves in the lower temperatures regions [23] . As the temperature increases, the orientation of dipoles is facilitated and the permittivity at low frequencies increases, this behaviour is then apparent above the glass transition temperature [24] .
For this reason, it was not possible to measure the time of phase separation for 90 and 120 °C, as the T g of PMMA is around 122 °C. So that we must suppose that the cp values of x cp are the same for the system with and without clay (values of table 2). The comparison of the simulated conversions (using these constants x cp values) during isothermal cure versus the experimental ones will give an idea of this hypothesis: if the simulated values are not in good agreement with the experimental ones, it will be concluded that the phase diagram changes are not negligible and that the variation of x cp with or without clays must be taken into account. Figure 5 illustrates the good fit between experimental conversions and calculated ones, using the previously determined [cat] parameter, and considering a dilution 0 effect before the cloud point conversions (determined with the epoxy/PMMA formulation). So that in that case, the effect of the clays on the reaction induced phase separation phenomenon can be neglected. 
Conclusions
K ternary compo kinetic model was first determined on the neat resin; it appeared that a simple autocatalytic model correctly models this resin cure. Then, this model (and its previously determined kinetic parameters) was used to simulate a matrix/PMMA formulation (using a dilution effect disappearing at the cloud point) and a matrix/clay formulation (using a new kinetic parameter representing the catalytic effect probably due to species contained in the clay).
Then the model was used to simulate the ternary system behavior; it also appeared that the addition of PMMA delays the reaction up to the phase separation lymer used is aromatic diglycidyl ether of bisphenol A (DGEBA) with phenomenon due to a dilution effect of the reactive species while the presence of clays accelerates the reaction after this cloud point, but it has no sensible effect on the cloud point conversions in the presence of PMMA. Works are in progress to determine the influence of the polymerization on the morphologies of the PMMA phase and on the intercalation/exfoliation of clays.
Experimental
The epoxy prepo e carried out from -50 °C to 300 °C at 10 °C/min to transition temperatures of the unreacted resin T g0 , measurements ere measured using two different techniques: for cloud point (CP) time was determined using light hardener is aromatic 4,4' methylene dianiline (MDA) (analytical grade from Aldrich).
e clay additive is montmorillonite (MMT) (Cloisite 30B) from Southern Clay Products, modified by methyl, tallow, bis-2-hydroxyethyl quaternary ammonium ions.
The TP additive is PMMA from Arkema with a number average molar mass of 43,000 g⋅mol -1 . The different characteristics and structures of these chemicals are summarized in Table 3 and the samples preparations have been described in Table  1 .
For each formulation, four isothermal experiments (at 90°, 100°, 120° and 135 °C) we
Differential Scanning Calorimetry
DSC scans (Mettler TA 3000) wer determine the values of the glass the reacted one T and the reaction enthalpy Δ g r H. Glass transition temperatures were measured as the temperature midpoint between the tangents of the two baselines above and below the glass transition region. For isothermal cures, a Perkin Elmer DSC7 apparatus was used. All samples (from 10 to 20 mg) were sealed in aluminium pans and heated under argon atmosphere. The calibration was daily made using indium standard.
Phase separation
The times of phase separation w epoxy / PMMA formulations, the transmission technique which detects particles with diameters higher than 100 nm [25] . Whereas for epoxy/PMMA/30B formulation (that are not transparent at time zero), a dielectric in-situ sensor was used to detect the phase separation [26] [27] [28] ; the sample was placed on a circular (2 cm diameter) dielectric sensor, thermo-regulated in a heated chamber, coupled with an ICAM-2000 cure analyzer. The range of frequencies used was from 0.1 to 1 Hz at constant temperature of 135 °C during 30 minutes.
